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Abstract: The insights gained from the long-term impacts of tillage and N fertilization on soil fertility
are crucial for the development of sustainable cropping systems. The objectives of this study were
to quantify the effects of 75 years of tillage and N fertilization on macronutrients in soil and wheat
(Triticum aestivum L.) tissues grown in a winter wheat–summer fallow rotation. The experiment
included three types of tillage (disc, DP; sweep, SW; and moldboard, MP) and five N application rates
(0, 45, 90, 135, and 180 kg ha−1). Soil and tissue samples were analyzed for the concentration of total
N, S, and C, Mehlich III extractable P, K, Mg, Ca in the soil, and the total concentration of the same
nutrients in wheat tissue. Soil N concentration was significantly greater under DP (1.10 g kg−1) than
under MP (1.03 g kg−1). The P concentration in upper 20 cm soil depth increased with increased N
rates. Comparison of experiment plots to a nearby undisturbed pasture revealed a decline of P (32%),
SOC (34%), Mg (77%), and Ca (86%) in the top 10 cm soil depth. The results suggest that DP with
high N rates could reduce the macronutrient decline in soil and plant over time.
Keywords: calcium; dryland; magnesium; phosphorus; potassium; soil pH
1. Introduction
For sustainable crop production, it is of utmost importance to determine the direction of changes
in soil health indicators such as soil organic matter (SOM) and the status of plant essential nutrients.
Plant nutrient availability and SOM can be maintained or increased if the land is kept covered, crop
residues or nutrients are returned to the soil, and erosion is kept to minimum; practices that are
not common in the drylands of the Pacific Northwest (PNW) [1]. A winter wheat–14 months fallow
(WW–F) rotation is commonly practiced in the PNW to harvest one winter’s precipitation for next
year’s wheat crop because the precipitation in this region is not always sufficient for annual winter
wheat cropping. However, fallow conditions have negative impacts on the concentration of SOM and
on nutrient availability, and hence reduce the capacity of the soil to supply plant nutrients [1]. There
has been increasing interest in the impact of soil management practices on nutrient cycling all over the
world [2]. However, there is limited knowledge of how soil management practices, such as different
tillage systems and N fertilization, affect essential plant macronutrients in the drylands of PNW over
long-term periods.
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Tillage affects SOM [3], pH [4], and nutrient availability [5]. Conservation tillage, such as disc
plow (DP) and sweep (SW), have shown positive effects on crop productivity. The DP or SW reduces
soil disturbance and retains crop residue which, in turn, increases soil water content and nutrient
availability [6]. On the other hand, more traditional tillage, such as moldboard plow tillage (MP),
promotes SOM loss and nutrient losses due to increased soil disturbance and residue incorporation.
Consequently, a larger volume of SOM becomes accessible to microbes and subject to mineralization [7].
Mineralization is intensified under dryland fallow cropping system, because fallow accompanied by
tillage buries residue in the moist soil profile, which would otherwise have been very slow due to
dryness of the soil under dryland winter wheat cropping.
The other important management practice affecting SOM and nutrient availability is N fertilization.
Nitrogen fertilization was shown to increase SOM and total N due to increased root and shoot
biomass production [8]. On the other hand, increased N fertilization enhances mineralization and may
subsequently contribute to increased N losses through leaching and gaseous emissions [9].
Nutrients in wheat grain and straw are an important aspect of sustainable crop production as
nutrient content is directly related to grain quality for human consumption, price determination,
and crop residue quality. Soil management practices play a crucial role in the quality of the wheat
grain [10]. For example, grain protein content is the prime measure of wheat grain quality, which is
directly related to the availability of N [10]. However, Gürsoy et al. [11] reported little or no correlation
between wheat grain protein and tillage systems. In contrast, López-Bellido et al. [10] found higher
grain protein content under MP than under reduced tillage, as moisture stress tends to increase grain
protein in wheat. Short-term experiments and site-specific inconsistency require a critical examination
of the samples from a long-term agroecosystem experiment so that sustainable practices for the specific
or similar region can be identified.
The present study was conducted on one of the several long-term experiments (LTE) maintained
by Columbia Basin Agricultural Research Center (CBARC), Adams, OR. Different tillage methods
and inorganic N application were the common soil management strategies of farmers during 1900s.
Therefore, this LTE was established in 1940 to evaluate the long-term effect of three tillage regimes and
application of varying rates of inorganic N fertilizer on soil properties and crop productivity under
the WW–F cropping system in the drylands of the PNW. It has been reported that combinations of
different tillage practices and fertilizer management were found to affect soil nutrients at different
depths [8]. Therefore, this study investigated plant essential macronutrients in wheat and soil at four
soil depths under three tillage systems and five N application rates. To date, no studies have examined
the dynamics of essential macronutrients in crops or soil other than C and N under WW–F rotation
in the PNW. The objective of this study was to quantify the effect of different tillage systems and N
application rates on macronutrients (C, N, P, K, S, Ca, and Mg) in soil and in wheat tissues, following
75 years of tillage and N fertilization under WW–F rotation. We compared the concentrations of
macronutrients in wheat tissue (grain and straw) and soil samples at four depths (0–10, 10–20, 20–30,
30–60 cm) from 1995, 2005 and 2015 to determine the 20 years trend of the macronutrients. Additionally,
macronutrients of 2015 soil samples from the WW–F were compared with that of undisturbed nearby
grass pasture (GP) plots to determine changes in the concentration of soil macronutrients after 75 years
of tillage and N fertilization in WW–F rotation. The hypotheses of this study were:
(i) The concentration of macronutrients will be greater under conservation tillage (Disc plow (DP)
or sweep (SW)) than under conventional tillage (Moldboard plow (MP)). The base of this hypothesis is
that the greater amount of crop residues left and lesser volume of soil disturbance under SW and DP
will accumulate and conserve more SOM than under MP.
(ii) The plots with higher N fertilization will have a greater concentration of macronutrients than
zero or low N rates application. This hypothesis is based on the well-established fact that N enhances
root biomass production and so increases SOM concentration.
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2. Materials and Methods
2.1. Site Description and Experimental Design
This long-term study was conducted in one of the several ongoing long-term experiment (LTE)
plots situated at the Columbia Basin Agriculture Research Center (CBARC), near Pendleton, OR
(45◦42′ N, 118◦36′ W, elev. 438 m). The soil is a well-drained Walla Walla silt loam (coarse-silty,
mixed, superactive, mesic Typic Haploxeroll) with a 2–4% slope [12]. The site receives an average
annual precipitation of 420 mm, with 90% of precipitation between November and June [13]. This
LTE was established in 1940 as a randomized block, split-plot tillage by fertility experiment with
three replications under a dryland winter wheat–14 months fallow (WW–F) cropping system. Main
plots were three primary tillage systems (moldboard plow (MP), disc plow (DP) and sweep (SW))
with the size of 35 by 40 m each. Subplots were comprised of five N application rates (0, 45, 90, 135,
and 180 kg N ha−1) and were 5.8 by 40 m in size. The MP, DP, and SW differed in tillage depth and
percentage of residue cover left on the soil surface at the time of seeding. The tillage depths of MP, DP,
and SW were 23 cm, 10 cm, and 15 cm, respectively, and left 7%, 34%, and 43% soil surface covered by
residue, respectively. Earlier studies on this plot had reported 20% clay, 68% silt, 1.1% organic C kg−1,
and 16 cmolc kg−1 cation exchange capacity (CEC) in the upper 30 cm of the soil [4].
Primary tillage treatments were carried out in late March on undisturbed stubble left after wheat
harvest. Plots were rod weeded two to four times between April and October to control weeds.
Nitrogen fertilizer (Urea ammonium nitrate) was applied to a depth of 10 cm every other year (during
crop year) using Viper Coulter (Yetter Manufacturing Inc. Colchester, IL, USA) during the first week
of October. Wheat was seeded at 72 ± 5 kg seed ha−1 with row spacing of 25 cm a week following
the N application. Before 2002, JD 8300 drill (Deere and Company, Moline, IL, USA) was used to
sow wheat and thereafter Case IH 5300 disk drill (Klamath Basin Eq. Inc. Klamath Falls, OR, USA)
has been used. The wheat variety grown during the 1995–2005 period was Malcolm, and after that
Stephens was used. These are semi-dwarf winter wheat varieties. Weeds within the growing season
were controlled using late-fall or early-spring herbicide application. Wheat was harvested in late July.
A long-term undisturbed (since 1931) nearby perennial grass pasture (GP) was used as the
reference/baseline to detect the changes manifested by cultivation practices. The GP was a cropland
between 1881 and 1931, then was converted back to pasture. It is comprised of blue-bunch wheatgrass
(Agropyron spicatum L. Pursh) and Idaho fescue (Festuca idahoensis L. Elmer) as dominant grasses.
2.2. Soil Sampling and Analysis
Archived samples of soil and wheat grain and straw from 1995 and 2005 were used in this study.
The soil samples from 1995 and 2005 were at four depths (0–10, 10–20, 20–30, and 30–60 cm). Additional
soil samples were collected in the summer of 2015 at the four soil depths after the wheat harvest.
A truck-mounted Giddings Hydraulic Probe (Giddings Machine Company, Inc., Windsor, CO) and
a steel sampling tube (internal diameter 3.6 cm) were used to sample the soils. The samples were
homogenized and brought to the Central Analytical Lab (CAL, Oregon State University, Corvallis, OR,
USA) to determine the soil total N, C, S, and Mehlich III-extractable P, K, Ca, and Mg. Concentrations
of soil and plant C, N, and S were determined by the dry combustion method using a Thermo Finnigan
FlashEA 1112 Elemental Analyzer (Thermo Finnigan FlashEA 1112 E, Milan, Italy) for the 1995 and
2005 samples and a Vario Micro Cube combustion analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany) for the 2015 samples. Mehlich III extraction method [14] was used to extract P, K, Ca,
and Mg from soil samples, whereas the grain and straw samples were dry ashed [15]. Nutrients were
determined using an inductively coupled plasma-optical emissions spectroscopy (ICP-OES, Model
#2100 DV, Waltham, MA, USA). Soil pH data from 1995, 2005, and 2015 were provided by CBARC, and
were determined with pH electrodes using 10 g sample in a 1:2 soil to 0.01 M CaCl2 solution.
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2.3. Statistical Analysis
Data were subjected to ANOVA as a split-plot design using the mixed-model in JMP© version 13
(SAS Institute Inc, 2014, Cary, NC, USA). Tillage system, N rate, year, and soil depth were considered the
fixed effects, while replications and their interactions were considered the random effects. The adjusted
Tukey method was used for multiple means comparisons. Letter groupings were generated using a 5%
level of significance.
The ANOVA of the soil pH were determined by converting the soil pH data to H+ concentration
(µmol L−1) before analysis because the pH scale is a logarithmic and a small difference in pH can
represent a significant difference. However, the mean comparisons of soil pH represent the original
pH data.
3. Results and Discussion
Macronutrient concentration did not change with time. Therefore, only the 2015 data for soil
were used in the statistical analysis of tillage and N application effects. The total carbon at the depths
measured is organic only and was confirmed by the soil pH from this study and previous studies [1,4].
3.1. Effect of Tillage and N Rates on Soil Macronutrients and Soil pH
3.1.1. Total N and Total S
Averaged over the soil depths, both DP and SW plots had higher total N (1.10/1.06 g N kg−1,
respectively) than MP plots (1.03 g N kg−1) (Figure 1). This result is consistent with a previous study
by Rasmussen and Rhode [16] on the same plot 30 years ago, and with a study from central Italy [17].
The MP plots had a lower percentage of crop residue than the DP and SW. Mazzoncini et al. [17]
suggested that the higher residue cover and the lower volume of disturbed soil may have contributed
to the higher N under DP and SW than under MP. The MP exposed greater proportions of protected
organic matter, increased aeration, temperature, and thereby enhanced microbial decomposition rates
resulting in the release of inorganic N along with other nutrients [16,18].Agronomy 2019, 9, x FOR PEER REVIEW 5 of 12 
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Figure 1. Long-ter effect of tillage and application rates on soil total and total S in the inter
heat–fallo syste . The bars sharing the sa e letters ithin the treat ents are not significantly
different at the 0.05 probability level.
Total N concentration in the soil increased with high N application rates (Figure 1), supporting our
first hypothesis for N. Previous studies have shown positive correlations between N application rates
and soil total N [16,17]. The possible reason for a p sitive correlation between high N fertilization rat
and soil total N could be the higher crop biomass production resulting from N fertilizer ap lication [1].
Furthermore, enhanced crop production with high N application rates are known to chemically
stabilize SOM and make N available at a ste dy rate for a long time [17]. Total S under MP (0.48 g kg−1)
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was greater than under SW (0.39 g kg−1) or DP (0.40 g kg−1) (Figure 1). Enhanced decomposition
under MP is expected to decrease the S [2,19]; however, the results from this study do not support this
concept. Total S was greater in MP than in DP or SW even after the 75 years of cultivation, refuting our
first hypothesis for S (Figure 1).
3.1.2. Soil Organic C, Mehlich III Extractable K, Ca, and Mg
In the 0–10 cm soil depth, the concentrations of soil organic C (SOC), K, and Mg were significantly
higher under DP or SW than under MP (Figure 2). This supports our first hypothesis for SOC, K, and
Mg. Earlier studies had reported similar results for SOC [16], K [20,21], and Mg [5]. Higher SOC, K,
and Mg in the surface soil layer for the DP or SW than the MP is attributed to reduced soil–residue
interaction in the DP or SW compared to MP (crop residue was buried 10–15 cm deep under SW and DP
vs. 23 cm under MP), and subsequently lowering the rates of SOM mineralization. The other plausible
reason for higher K and Mg under DP or SW than under MP might be due to greater number of cation
exchange sites associated with increased SOM contents under DP and SW. Interestingly, we observed
antagonistic behavior between Mg and Ca relating to their availability within the soil depths. Although
Ca and Mg come from the same source and are absorbed by plants in similar amounts, Ca increased
with depths while Mg decreased with soil depths (Figure 2). The lower Ca in the surface soil could be
due to lower soil pH [18] in the surface soil than in the subsoils (Figure S1). The inorganic N fertilizer
(Urea ammonium nitrate) was applied to a depth of 10 cm, and in the drylands, nitrification derived
acidity is concentrated in the fertilizer placement zone [4]. In addition to this, this soil has free lime in
the subsoil and thus a greater amount of Ca was observed in the deep than in the upper soil profile [16].
On the other hand, greater Mg in the top soil than in the subsoil could be due to the presence of more
organic matter (wheat residues) at this depth than deeper down.
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Figure 2. Long-term tillage × depth effects on total soil organic carbon and on the Mehlich
III-extractable cations in the winter wheat–fallow system. DP: Disc plow; MP: Moldboard plow;
SW: Sweep. The bars sharing the same letters within the treatments are not significantly different at the
0.05 probability level.
3.1.3. Mehlich III Extractable Ca and P
Soil Ca in the 0–10 cm soil depth was higher under MP (0.33 g kg−1) than under DP (0.28 g kg−1)
or SW (0.32 g kg−1) (Figure 3); therefore, we reject our first hypothesis for Ca. The result agrees with
Blevins et al. [8]; however, Edwards et al. [5] found greater Ca at 0–10 cm soil depth in less disturbed
plots compared to conventional tillage. In this study, K at the 0–10 cm soil depth was greater under DP
or SW than under MP and this could have probably decreased the concentration of Ca in DP or SW
due to the competition between K and Ca for exchange sites. Consistent decline of Ca in the studied
soil depths, except in 30–60 cm, was observed with the high N rates (Figure 3), which doesn’t support
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our first hypothesis for Ca. This result is in line with the study of Ai et al. [22]; however, other studies
had contrasting results [7,20]. The availability of Ca is inversely related to soil acidity and decreases
with high N application rates. Acidic soils have high exchangeable Al, which replaces Ca on exchange
sites and depresses Ca concentrations [18].
A reverse trend was observed with the concentration of extractable P in the top 20 cm soil depth.
The P concentration linearly increased with N rates higher than 45 kg ha−1 (Figure 3), supporting our
first hypothesis for P. The results from this study were in contrast with the study of Franzluebbers and
Hons [20] who reported no effect of N application rates on soil P. Probably, the effect of increased acidity
on P resulting from the high N rates was balanced by the high biomass production and increased N
availability in this study. Increased N availability probably facilitated decomposition of crop residue
and release of P from microbial activity.
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Figure 3. Soil depth distribution of Mehlich III-extractable phosphorus (P) and calcium (Ca)
as influenced by long-term inorganic N application rates in the winter wheat–fallow system.
Means sharing the same letters within each soil depths are not significantly different at the
0.05 probability level.
3.1.4. Soil pH
Soil pH was significantly (p < 0.01) influenced by N application rates in the 0–10 cm and 10–20 cm
soil depths only (Fi ure S1 and Table S1). At th se soil depths, pH was s gnificantly higher in the
0 kg N ha−1, 45 kg N ha−1, and 90 kg N ha−1 treatment than in the 135 kg N ha−1 d 180 kg N ha−1
application rates. These results are consistent with the results from previous long-term studies, which
reported that N fertilizer application markedly decreased soil pH in the top layers only [4,7]. This
suggests that soil acidification resulting from N application did not move beyond 20 cm soil depth
which is significant because acidification is confined at upper layers and has limited effect on the
subsoil. Mahler et al. [23] reported that only high application rates of N (>100 kg N ha−1) acidified
soil in a 40-year long-term study. However, in this study, even low N application rates acidified the
soil when administered over 75 years. This finding was also reported by Ghimire et al. [4] in a 70-year
study. Among the tillage systems, MP was found to be the most detrimental regarding soil pH. Soil
pH at the 10–20 cm and 20–30 cm soil depths were 5.35 and 6.03, respectively, under MP and were
significantly (p < 0.01) lower than the soil pH of 5.52 and 6.30 under SW or 5.74 and 6.43 under DP,
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respectively (Figure S1). This could be attributed to the higher volume of soil disturbance and mixing
of crop residue with soil deeper in the profile under MP than under SW or DP treatments.
3.2. Soil Macronutrients after 75 Years of Tillage and N Fertilization versus Grass Pasture (GP)
3.2.1. Soil Organic C, Total N, and Total S
Among the tillage systems used in this experiment, DP had greater concentrations of most
of the macronutrients, while SW and DP were comparable for many of the macronutrients. Thus,
we compared the DP system with the nearby undisturbed GP to detect soil micronutrient changes
manifested by tillage and inorganic N application over 75 years under dryland WW–F cropping system.
All five N application rates decreased C and N at each of the studied soil depths (Table 1). Carbon and
N declined by at least 34% (14.4 g kg−1) and 35% (1.4 g kg−1); respectively, when compared to GP (C:
21.8 g kg−1; N: 2.1 g kg−1) in the top 10 cm depth at all N fertilization rates after 75 years of treatment.
These results refute our second hypothesis that DP maintains the nutrient in soil comparable with that
of GP. According to Rasmussen et al. [1], the top 30 cm of soil in these plots lost about 35% of C in the
first 50 years after the soil was cultivated in 1881, while under pasture following cultivation, C and N
of soils increased with time [1]. High biological oxidation and absence of C input during the fallow
year is the major driver of SOC loss in the dryland wheat–fallow cropping system of eastern Oregon [1].
Furthermore, Hedley et al. [2] reported that conversion of perennial pasture over time accumulates
more C in the soil than the annually cultivated pasture. The protected SOM becomes more accessible
to the soil microbes, and the soil environment becomes more conducive to SOM mineralization under
cropland than in undisturbed pasture, increasing the probability of C and N loses in cultivated soils [3].
The loss of nutrients becomes more severe in dryland wheat-fallow cropping systems of the PNW
because fallowing keeps the soil moist in the summer which permits greater biological oxidation than
would normally occur [1]. In addition, perennial grasses contribute a greater amount of C and N all
year round through their dense and deep root systems than the wheat–fallow cropping system [24].
Table 1. Impact of 75 years of inorganic N application rate on total soil C, N, and S in the dryland winter




N Application Rate (kg ha−1) Cultivation
Effect 10 45 90 135 180 GP
Carbon (g kg−1) 0–10 13.3 b 13.5 b 13.8 b 14.4 b 14.2 b 21.8 a 34% ↓
10–20 11.4 ab 11.4 ab 10.7 ab 10.6 b 11.5 ab 13.6 a 15% ↓
20–30 9.1 a 8.8 a 9.1 a 8.5 a 9.1 a 10.3 a 12% ↓
30–60 7.2 ab 6.6b 7.9 ab 6.7 b 8.4 ab 9.8 a 14% ↓
Nitrogen (g kg−1) 0–10 1.2 b 1.2 b 1.2 b 1.4 b 1.4 b 2.1 a 35% ↓
10–20 1.2 ab 1.1 b 1.1 b 1.1 b 1.2 ab 1.4 a 20% ↓
20–30 1.1 a 1.1 a 1.0 a 1.0 a 1.1 a 1.2 a 3% ↓
30–60 0.9 a 0.9 a 0.9 a 0.9 a 1.0 a 1.1 a 13%↓
Sulfur (g kg−1) 0–10 0.4 a 0.4 a 0.4 a 0.5 a 0.4 a 0.4 a 7% ↑
10–20 0.4 a 0.4 a 0.4 a 0.4 a 0.4 a 0.4 a 19% ↑
20–30 0.5 a 0.4 ab 0.4 ab 0.4 ab 0.4 ab 0.3 b 41% ↑
30–60 0.4 a 0.4 a 0.4 a 0.4 a 0.4 a 0.3 a 21% ↑
Means sharing the same letters within the rows are not significantly different at the 0.05 probability level.
1 Percentage obtained from the difference in the value from grass pasture (GP) and the highest value from the
treatment within each soil depths. Downward and upward arrow indicates decline and incline from the soils of GP
after cultivation respectively.
There was no significant loss of N at deeper depths (20–30 cm and 30–60 cm) at any N application
rate. This is significant for agriculture because long-term cultivation has not limited N availability in
subsoil and suggests that mineralization enhanced by tillage is the major factor responsible for C and
N loss at the 0–20 cm soil depths. Interestingly, the S concentration at the 20–30 cm soil depth increased
significantly after cultivation compared to GP and was numerically (but not significantly) increased at
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all N rates in the rest of studied soil depths (Table 1). However, it is not quite clear what increased the
S by 41% at the 20–30 cm depth in the 0 kg N ha−1 of cultivated soil (0.45 g kg−1) compared to GP
(0.32 g kg−1). These results partially agree with Sakadevan et al. [25] who reported gradual decrease
in S after many years of pasture improvement because mineralization became a significantly greater
source of S for perennial grasses. It has been reported that greater amounts of crop residues and root
exudates (which is in GP in our study) greatly affect oxidation of S and release of S in soil solution [26].
3.2.2. Mehlich III Extractable P, K, Ca, and Mg
The concentration of Mehlich III extractable P, Ca, and Mg decreased after 75 years of WW–F
rotation at all N application rates and at each of the studied soil depths (Table 2). Extractable P declined
by 32%, 33%, 39%, and 40% in the 0–10 cm, 10–20 cm, 20–30 cm, and 30–60 cm soil depths, respectively,
compared with P in the GP. Similarly, extractable Ca decreased by 86%, 83%, 81%, 78%, and extractable
Mg decreased by 77%, 84%, 89%, 85% in the 0–10 cm, 10–20 cm, 20–30 cm, 30–60 cm soil depths,
respectively (Table 2). The effect of N application rates on extractable K was not significant in the top
soils (0–10 cm, 10–20 cm, and 20–30 cm); however, an obvious decline in K concentration was observed
deeper in the soil (30–60 cm). At this depth, extractable K sharply declined by 31% when compared
with that in GP.
Table 2. Impact of 75 years of inorganic N application rate on Mehlich III extractable P, K, Ca, and
Mg in the dryland winter wheat–fallow cropping system under disc tillage management compared to




N Rate (kg ha−1) Cultivation
Effect 10 45 90 135 180 GP
Phosphorus (mg kg−1) 0–10 34.9 c 35.2 c 35.7 c 56.1 b 61.1 b 89.9 a 32% ↓
10–20 29.9 b 29.8 b 25.3 b 37.4 b 40.3 b 60.6 a 33% ↓
20–30 31.3 b 30.2 b 26.6 b 26.4 b 26.4 b 50.9 a 39% ↓
30–60 27.8 b 25.7 b 24.9 b 27.9 b 23.7 b 46.4 a 40% ↓
Potassium (g kg−1) 0–10 0.7 a 0.7 a 0.7 a 0.7 a 0.8 a 0.8 a 6% ↓
10–20 0.6 ab 0.5 b 0.6 ab 0.7 ab 0.6 ab 0.7 a 3%↓
20–30 0.5 a 0.5 a 0.6 a 0.6 a 0.6 a 0.6 a 2% ↓
30–60 0.4 b 0.4 b 0.4 b 0.4 b 0.4 b 0.6 a 31% ↓
Calcium (g kg−1) 0–10 0.3 b 0.3 bc 0.3 bc 0.3 bc 0.2 c 2.4 a 86% ↓
10–20 0.4 b 0.4 bc 0.3 bc 0.4 bc 0.3 c 2.4 a 83% ↓
20–30 0.4 b 0.4 b 0.4 b 0.5 b 0.4 b 2.4 a 81% ↓
30–60 0.5 bc 0.5 bc 0.4c 0.5 b 0.5 bc 2.4 a 78% ↓
Magnesium (g kg−1) 0–10 0.1 b 0.1 b 0.1 b 0.1 b 0.1 b 0.6 a 77% ↓
10–20 0.1 b 0.1 b 0.1 b 0.1 b 0.1 b 0.6 a 84% ↓
20–30 0.1 b 0.1 b 0.1 b 0.1 b 0.1 b 0.6 a 89% ↓
30–60 0.1 b 0.1 b 0.1 b 0.1 b 0.1 b 0.6 a 85% ↓
Means sharing the same letter within the rows are not significantly different at the 0.05 probability level. 1 Percentage
obtained from the difference in the value from grass pasture (GP) and the highest value from the treatment
within each soil depths. Downward and upward arrow indicates decline and incline from the soils of GP after
cultivation, respectively.
This study revealed significant declines in soil macronutrients after 75 years of cultivation under
WW–F rotation, which could have implications for the soil nutrient supplying capacity of this region.
Loss of macronutrients in cultivated plots was primarily due to increased weathering of primary
minerals with tillage and nutrient removal by high yielding crops, whereas in the GP, aboveground
biomass was sometimes clipped but not removed from the plots. The nutrient concentrations in
the soil are the balance between nutrients removed and nutrients added to the soil. In these plots,
soil macronutrients were not returned to the soil except for N in the N fertilization treatments and
incorporating crop residue. Furthermore, the straw: grain ratio has decreased progressively over
time [1], thus resulting in lower contributions to SOM. Under GP, SOM was higher than under
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cultivated plots [27], resulting in higher CEC under GP, which in turn affected the nutrient pool
of the soil. Thus, SOM losses, nutrient removal by crops, no input of mineral nutrients except N,
and weathering of minerals could be the major factors responsible for macronutrient declines in this
long-term study.
3.3. Macronutrients Accumulation in Wheat Straw and Grain
Sweep tillage (SW) noticeably increased N accumulation in straw more than in MP (Figure
S2). Similar to the result reported by Malhi et al. [28], there was no tillage effect on straw N and C
accumulation. The concentration of N, K, Ca, and Mg in straw was prominently greater at higher N
application rates (above 90 kg N ha−1) than at the lower rates (i.e., 0 and 45 kg N ha−1) (Figures S2
and S3). No interaction between tillage systems, N application rates or year was observed for nutrient
accumulation in straw (Table S2).
The effect of N application rates on soil N was reflected in wheat straw and wheat grain
nutrients. Higher N rates consistently increased N accumulation in wheat grain (Figure 4). Except
at 180 kg N ha−1, N accumulation increased significantly over time at all N rates (Figure 4). These
results agree with those of Gao et al. [29], who reported a linear increase of grain N uptake (up to
120 kg N ha−1). Grain N concentration from this study suggest that N rates could be used as a
management tool for manipulating wheat grain N content because low N content is desired in soft
wheat, whereas high N content is desired in hard wheat.
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4. Conclusions
The DP tillage was more effective in maintaining macronutrient levels than the other tillage
systems, which suggests that opting for a tillage method that leaves more residue cover and less
soil disturbance can be a wise decision to sustain soil fertility compared to conventional tillage.
However, a comparison with the nutrient status of GP revealed great losses of macronutrients due to
75 years of continuous WW–F cropping. Further understanding of the sustainability of current
agriculture management practices in this region and other semiarid regions requires long-term
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monitoring of nutrient status in the soil and crops. Since the nutrients are continually decreasing in
the WW–F cropping system even under DP, shifting to no-tillage can be a better strategy to reduce
the macronutrient loses. Under no-tillage, a greater amount of organic matter accumulates and less
disturbances to soil occur which enhances microbial activity leading to soil resiliency and sustainability.
However, a long-term study is required to confirm if shifting from DP to no-tillage in the drylands
of the PNW is a viable solution to curb the nutrient losses from agricultural practices or not. Any
short-term study will miss gradual changes in soil nutrient status which could become a problem in
the future if not detected and corrected early enough.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/4/178/s1,
Figure S1: Long-term effect of tillage (left) and N application rates (right) on pH in four soil depths (cm) under
the winter wheat–fallow system. Plow: moldboard tillage; Sweep: sweep tillage; and Disc: disc tillage. The bars
sharing the same letters within each soil depths are not significantly different at 0.05 probability level, Figure S2:
Effect of different inorganic N application rates and tillage systems on the accumulation of N and K in wheat
straw in the winter wheat–fallow cropping system in 2015. Plow: moldboard tillage; Sweep: sweep tillage; and
Disc: disc tillage. The bars sharing the same letters are not significantly different at 0.05 probability level, Figure
S3: Effect of different rates of inorganic N applications on the accumulation of Ca and Mg in wheat straw in the
winter wheat–fallow cropping system in 2015. The bar sharing the same letters are not significantly different at
0.05 probability level, Table S1: ANOVA for macronutrients in soil and soil pH as influenced by 75 years of tillage,
N rate, and depth. Significant effects (p < 0.05) that require multiple means comparison are shown in bold, Table
S2: ANOVA for N, C, S, P, K, Ca, and Mg in wheat straw and grain as influenced by tillage, year and N rates.
Significant effects (p < 0.05) that require multiple means comparison are shown in bold.
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